ABSTRACT The structure-specific nuclease, Rad27p/FEN1, plays a crucial role in DNA repair and replication mechanisms in the nucleus. Genetic assays using the rad27-D mutant have shown altered rates of DNA recombination, microsatellite instability, and point mutation in mitochondria. In this study, we examined the role of Rad27p in mitochondrial mutagenesis and double-strand break (DSB) repair in Saccharomyces cerevisiae. Our findings show that Rad27p is essential for efficient mitochondrial DSB repair by a pathway that generates deletions at a region flanked by direct repeat sequences. Mutant analysis suggests that both exonuclease and endonuclease activities of Rad27p are required for its role in mitochondrial DSB repair. In addition, we found that the nuclease activities of Rad27p are required for the prevention of mitochondrial DNA (mtDNA) point mutations, and in the generation of spontaneous mtDNA rearrangements. Overall, our findings underscore the importance of Rad27p in the maintenance of mtDNA, and demonstrate that it participates in multiple DNA repair pathways in mitochondria, unlinked to nuclear phenotypes.
Y
EAST Rad27p (human FEN1) is a structure-specific metallonuclease that plays an important role in DNA replication and repair mechanisms in eukaryotic cells. It is involved in a wide array of DNA metabolic pathways, including Okazaki fragment processing, long patch base excision repair (LP-BER), telomere maintenance, suppression of nuclear repeat expansions, rescuing stalled replication forks, and DNA fragmentation during apoptosis (Liu et al. 2004; Zheng et al. 2011) .
Rad27p/FEN1 is primarily a flap endonuclease (FEN); additionally, it also possesses 59-39 exonuclease (EXO) and gap endonuclease (GEN) activities, albeit to a lesser extent (reviewed in Finger et al. 2012) . The FEN activity of Rad27p excises 59 DNA flaps generated in Okazaki fragment maturation and LP-BER. The EXO and GEN activities of Rad27p function synergistically in rescuing stalled replication forks, resolving triplet repeat sequences, and in DNA fragmentation during apoptosis (Harrington and Lieber 1994; Parrish et al. 2003; Zheng et al. 2005) .
While the functions of FEN1/Rad27p in the nucleus have been the focus of many studies, the versatility of its role in the mitochondria is relatively unknown. One study has identified FEN1 as the nuclease responsible for flap excision in LP-BER in mitochondria (Liu et al. 2008) , while other studies of mitochondrial LP-BER did not conclusively define a role for FEN1 in this process (Akbari et al. 2008; Szczesny et al. 2008) . Similarly, while some studies have suggested a role for FEN1 in primer processing in mitochondria (Kazak et al. 2013) , another study did not find any effect on mtDNA replication, following a reduction in FEN1 expression (Ruhanen et al. 2011) .
Our previous results have shown that deletion of RAD27 in yeast leads to an increased rate of point mutation in mitochondria. In contrast to the nuclear phenotypes resulting from loss of RAD27p, the rate of microsatellite instability and recombination in the mitochondrial genome decreased significantly in a RAD27 null strain (Kalifa et al. 2009 ). Deletion of RAD27 causes a substantial mutator phenotype and significant nuclear genomic instability, raising the possibility that effects on mitochondrial mutagenesis may result, in part, from indirect effects. The purpose of this report was to examine the function of Rad27p in the maintenance of mtDNA using four RAD27 mutant alleles, whose nuclear phenotypes have been previously examined, and two new alleles of RAD27, to examine their specific effects on mitochondrial mutagenesis.
The four previously characterized RAD27 alleles (G67S, G240D, E176A, and E158D) have partial-to-complete defects in one or more of the three nuclease activities of Rad27p in vitro, and have been demonstrated to impact DNA repair pathways in the nucleus to varying extents (Negritto et al. 2001; Xie et al. 2001; Zheng et al. 2005; Singh et al. 2007 ). The rad27-G67S and rad27-G240D alleles were isolated in a screen for RAD27 mutants with increased nuclear mutation rates and microsatellite instability. Both the rad27-G67S and rad27-G240D mutants are defective in nuclease activities required for the degradation of bubble intermediates, while the rad27-G240D mutant displays weaker flap cleavage activity, and a profound defect in EXO activity (Xie et al. 2001) . The rad27-E176A mutant is deficient in GEN and EXO activities, but retains flap cleavage activity and results in increased trinucleotide instability in the nuclear genome, but does not cause a mutator phenotype, as assessed by forward mutation to canavanine resistance (Zheng et al. 2005; Singh et al. 2007) . A FEN1-E160D mouse model displays an increased incidence of cancer and a higher risk of lung cancer in response to exposure to benzo [a] pyrene-a component of tobacco smoke Wu et al. 2012) . The corresponding yeast rad27-E158D mutant also shows a defective endonucleolytic cleavage and exhibits increased short sequence recombination (Negritto et al. 2001) .
The localization of Rad27p to mitochondria has been confirmed by subcellular fractionation and immunocytochemistry studies, but the mechanism of import remains elusive (Liu et al. 2008; Kalifa et al. 2009 ). Similar to some other mitochondrial proteins, it lacks a clear N-terminal mitochondrialtargeting signal, and is believed to contain internal import signals (Diekert et al. 1999) . Human FEN1 has been shown to produce a truncated isoform by alternative translation initiation (ATI), which is relatively more abundant in the mitochondria than the full-length protein (Kazak et al. 2013) . The smaller isoform does not exhibit efficient FEN activity in vitro, hence it is likely that there are different isoforms of FEN1 in mammalian mitochondria that perform distinct functions (Kazak et al. 2013) . In contrast, there are no known reports of different mitochondrial isoforms for the yeast ortholog, Rad27p. We constructed two RAD27 alleles to test for a mitochondrial import signal near the N-terminus, which were used in this study with the nuclease deficient mutants.
While our study failed to identify a mitochondrial targeting sequence for Rad27p, differential subcellular distribution was observed for some of the previously defined RAD27 mutants. In addition, our study reveals considerable variation in the steady-state levels of the mutant proteins when expressed from the endogenous promoter at the native RAD27 locus, and decreased levels of the protein in whole-cell extracts correlate with increases in nuclear point mutations. These observations may have implications for previous studies that have focused primarily on the enzymatic activities of the mutant forms of the protein. We present data that demonstrate that nuclear and mitochondrial phenotypes are not linked, and suggest that Rad27p acts in multiple repair pathways in the mitochondria of yeast.
Materials and Methods

Media used in this study
Rich glycerol medium (YG) contains 1% yeast extract, and 2% glycerol. YG erythromycin medium is YG medium supplemented with 50 mM sodium phosphate buffer (pH 6.5) and 4 g/liter of erythromycin (MP Biomedicals, LLC). YPD medium is 1% yeast extract, 2% peptone, and 2% dextrose, supplemented with 200 mg/l geneticin (Invitrogen), as needed. Synthetic dextrose (SD) medium contain 0.17% yeast nitrogen base lacking ammonium sulfate and amino acids, 0.5% ammonium sulfate, 2% dextrose, and supplemented with amino acids as needed. Synthetic glycerol (SGly) and synthetic raffinose (SRaf) media were prepared as SD with substitution of glycerol (Fisher Scientific) or raffinose (Amresco) for dextrose.
Strains and plasmids
S. cerevisiae strains that were used in this study are listed in Table 1 . All strains used are isogenic with the D273-10B-derived DFS188, except NPY66, which is isogenic to DFS160. The construction of NPY66, which contains mitochondrial reporter REP96::ARG8 m ::cox2 has been described previously (Phadnis et al. 2005) .
RAD27 mutants, rad27-G67S and rad27-G240D, and the Leu + RAD27 control strain were constructed by BglII digestion of integration vectors pJA12, pJA13, and pJA10 (provided by E. Alani, Cornell University), respectively, followed by one-step replacement of the RAD27 null allele. The additional wild-type control, RAD27 LEU2, was constructed to control for effects on mutation rates that may result from the addition of the LEU2 marker.
Site-directed mutagenesis was used to generate derivatives of pJA10 with rad27-M66I, rad27-E158D, rad27-E176A, and rad27-ND20 alleles. The primers in Table 2 were used to direct the mutations, introduced using the QuikChange site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA). The primers used to construct pJA10 with the rad27-ND20 allele contained phosphorothioate-modified nucleotides as described previously (Stoynova et al. 2004) . The resulting clones from site-directed mutagenesis were sequenced, and the mutant RAD27 alleles were integrated into the rad27-D strain by one-step transplacement. Transformants were selected for Leu + phenotype and screened for sensitivity to geneticin. The replacement of the null allele with the point mutation alleles were confirmed by Southern blot analysis and PCR amplification of the appropriate region of the gene followed by sequencing.
To introduce the mitochondrial reporters into the strains with DFS188 nuclear background, they were first made r 0 by treating them with ethidium bromide, and then cytoduced to obtain mtDNA from NPY66. Cytoductants with the DFS188 nuclear background and the mitochondrial reporter were selected on SD-Ade-Arg, and Ade + Arg + colonies were screened for a Lys 2 phenotype on SD-Lys.
The construction of plasmids pEAS114, containing mtLSKpnI::intein ts , and pEAS115, containing mtLS-KpnI::intein dead was described previously (Stein et al. 2015) . Strains with the mitochondrial REP96::ARG8 m ::cox2 reporter were transformed with pEAS114 and pEAS115. Southern blot analysis with the pEAS115 control was performed for each strain, but the blots are not shown in this manuscript. All of these controls were consistent with previously published results (Stein et al. 2015) , in which no digestion or induced deletions were observed with the mtLS-KpnI::intein dead construct. The RAD27-citrine-3HA fusions were constructed by onestep gene insertion. Primers containing 40 bp 59 of the RAD27 stop codon, and 40 bp 39 of the stop codon were used to amplify the citrine-3HA sequence from plasmid pKT220 (Sheff and Thorn 2004) . Primers used were: 59-GAAAATAAAAAATTGAACAAAAATAAGAATAAAGTCAC AAAGGGAAGAAGAGGTGACGGTGCTGGTTTA-39 and 59-GCCAAGGTGAAGGACCAAAAGAAGAAAGTGGAAAAA GAACCCCCTCGATGAATTCGAGCTCG-39. Transformants containing the citrine-3HA fusion tags were selected for the geneticin resistance phenotype. We verified that the tag did not affect the nuclear and mitochondrial phenotypes of the wild-type Rad27p by assessing temperature sensitivity, the rate of nuclear canavanine resistance, and the rate of mitochondrial erythromycin resistance (data not shown).
To introduce the nuclear direct-repeat mediated deletion (DRMD) reporter, strains with the rad27-M66I and rad27-G67S mutations and the corresponding RAD27 Leu + alleles, EAS1158, LKY354, SJY02 were mated with LKY398, an isogenic MATa strain carrying the nuclear REP96::URA3::trp1 reporter. Diploids were selected, induced to sporulate, and dissected. MATa, Ura + Leu + spore colonies were selected and cytoduced with the mitochondrial DRMD reporter from NPY66, as described previously. For all strains generated in this way, at least three independent isolates were tested.
Isolation of whole cell and mitochondrial protein lysates, and western blot analysis Whole cell protein isolation was performed by growing cells in 50 ml of SRaf medium to an OD 600 of 0.300. Total cellular protein was released by rapid agitation in the presence of acid-washed glass beads. Cell debris was separated from protein lysate by centrifugation.
Mitochondrial protein isolation began by growing cells in 1 liter of SRaf medium to an OD 600 of 1.1-1.5. Cells were collected, and mitochondria were isolated, as described previously (Diekert et al. 2001) . Isolated mitochondria were suspended in cold dH 2 O, and overall protein concentration was determined via Bradford reaction.
Protein samples were mixed with Laemmli sample buffer, heated to 95°for 5 min, and subjected to SDS-PAGE electrophoresis. Following electrophoresis, the separated proteins were transferred to nitrocellulose membranes, which were stained with Ponceau S for normalization of total protein loading. Membranes were probed with 1:2500 dilution of anti-HA mouse monoclonal antibody conjugated to HRP (Santa Cruz Biotechnology, Santa Cruz, CA) to detect HA tagged Rad27 proteins, and 1:250 anti-V5 mouse monoclonal antibody conjugated to HRP to detect mtLS-KpnI::intein ts . Antibody binding was detected by chemiluminescence and exposure to X-ray film.
Measuring mitochondrial DRMD events
Rates of spontaneous DRMD in mitochondria were determined as previously described (Kalifa et al. 2009 ). Cells containing the REP96::ARG8 m ::cox2 mitochondrial reporters were grown on SD-Arg medium, and single colonies were isolated on YPD to release from selection. For each independent experiment, 10-15 individual colonies were resuspended in water, and appropriate dilutions were plated on YG, to select mitochondrial DRMD events that produce respiring cells, and on YPD to score for the total number of viable cells. After incubating for 3 days at 30°, the rate of mitochondrial recombination was calculated using the method of median (Lea and Coulson 1949) .
The frequency of double-strand break (DSB)-induced DRMD events were measured by growing strains in SRafArg-Ura medium to log phase, and adding galactose to a final concentration of 2%. The cells were then shifted to 20°for 16-18 hr, after which they were collected, and an appropriate dilution was plated on YPD and allowed to grow without selection at 30°for 3 days. The colonies were then replica plated to YG and SD-Arg to score for DRMD events and intact mitochondrial reporters, respectively. As a control, cells grown to log phase in SRaf-Arg-Ura medium without addition of galactose were plated in the same way. Microsoft Excel was used to determine P-values by two-tailed t-tests, and SD. Three or more independent experiments were used for the calculations.
Southern blot analyses
DSBs were induced as described above. After growing cells containing REP96::ARG8 m ::cox2 reporter in SRaf-Arg-Ura medium for 16-18 hr at 20°in the presence of 2% galactose, they were shifted to 30°. Samples were collected at appropriate time intervals and frozen immediately. As a control, cells grown to log phase in SRaf-Arg-Ura at 30°without the addition of galactose were also collected. Total cellular DNA Table 2 Primers used for site-directed mutagenesis
GATATCCATAT*T*T*T*TCTTCCGGTGTC Deletion of 20 AA after start codon 4-64 AATATGGATATCA*A*G*A*GCTTTTTTGGC * , Phosphorothioate bonds.
was isolated, digested with AvaII, and subjected to gel electrophoresis on 0.8% 13 TAE agarose gels containing ethidium bromide. DNA was transferred to Amersham Hybond-XL (GE Healthcare) nylon membranes, and the blots were probed with a mix of a-32 P labeled PCR products amplified from COX2, 21S rRNA, and 25S rRNA genes as described previously (Kalifa et al. 2012) . The hybridization signals of a particular probe are not comparable among Southern blots performed at different times due to variation in labeling efficiency. As a result, ratios of mitochondrial to nuclear DNA are compared only to control samples on the same blot.
Measuring mitochondrial and nuclear mutation rates
To estimate the rate of mitochondrial point mutations, spontaneous acquisition of erythromycin resistance was measured by fluctuation analysis. Individual colonies were isolated on YPD plates and grown for three overnights at 30°; 10-15 independent colonies were picked and inoculated into 5 ml of liquid YPD and grown for 2-3 overnights with agitation at 30°until cultures reached saturation. The cells were collected and appropriate dilutions were plated on YG plates, and YG plates containing erythromycin. Plates were incubated at 30°for 7 days. Rates of erythromycin resistance per cell division was calculated by the method of median (Lea and Coulson 1949) .
For spontaneous nuclear mutation rate measurements, independent colonies were isolated on SD-Arg and grown for three overnights at 30°; 10-15 independent Arg + yeast colonies were inoculated into 5 ml liquid SD-Arg and grown to saturation at 30°. Appropriate dilutions were plated on SD-Arg and the same medium supplemented with 60 mg/ml L-canavanine sulfate (Sigma). The rate of mutation was calculated using the method of the median (Lea and Coulson 1949) .
Respiration loss assay
To determine the frequency of respiration loss, strains were grown on YG medium overnight and streaked for single colonies on YPD plates; 10-15 colonies were used to inoculate 5 ml of YPD medium and grown overnight. The cells were collected, resuspended in sterile dH 2 O, and appropriate dilutions were plated on YPG+0.1% dextrose. The median frequency of spontaneous petite formation was calculated as described previously (Kalifa et al. 2009 ).
Chromatin immunoprecipitation
A 150 ml culture was grown to OD 600 = 0.800 in YPD for each strain (LKY217, PSY181, and LKY75), and DNA-protein complexes were crosslinked in 1% formaldehyde for 20 min at room temperature. Cells were pelleted and washed twice in 13 TBS. Pellets were resuspended in 1 ml of lysis buffer (50 mM Hepes-KOH, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% TritonX-100, 0.1% sodium deoxycholate, 0.5% SDS), and 0.3 g of acid-washed glass beads. Cellular lysates were obtained by rapid agitation. Lysates were then sonicated to generate chromatin fragments between 400 and 700 bp in size. Lysates were precleared by incubating with 20 ml of Protein A/G magnetic beads (Thermo Scientific); 1 ml of lysate was incubated overnight with 1 mg of anti-HA antibody (Santa Cruz Biotechnology) with gentle agitation at 4°. Immune complexes were precipitated by incubating with 20 ml of Protein A/G magnetic beads (Thermo Scientific) Figure 1 Rad27p expression differs in the whole cell and mitochondrial extracts in the mutant strains studied. (A) Western blot analysis showing varying levels of mutant Rad27p in the whole cell and mitochondrial extracts in the indicated strains (50 mg loaded in each lane). (B) Densitometry analysis of protein levels using ImageJ software comparing the fold changes of indicated mutant protein levels relative to that of the RAD27 HA fusion strain. The Ponceau S. stained blot of the corresponding western blot is shown in Figure S2 in File S1.
for 1 hr at 4°. Beads were washed twice with lysis buffer, once with LiCl buffer and twice with 13 TE. Immune complexes were eluted twice with 150 ml of elution buffer (1% SDS, 0.1 M NaHCO 3 ). Crosslinks were reversed by the addition of 0.2 M NaCl and heating overnight at 65°. DNA was purified, and equal amounts of DNA were analyzed by qPCR using SYBR green mix (Bio-Rad) with the following primer pairs: 59-CCGGTTAAGATTCCGGAAC-39, 59-CTGTGGATTTT CACGGGCC-39 and 59-CGATCTATCTAATTACAGTAAAGC-39, 59-GGTAAATAGCAGCCTTATTATG-39, for nuclear and mtDNA detection, respectively.
Data availability
Strains, plasmids, primer sequences, and detailed protocols are available on request. The authors state that all data necessary for confirming the conclusions presented in the article are represented fully within the article.
Results
Steady-state levels and subcellular distribution of the mutant RAD27 proteins are variable
The role of Rad27p in mtDNA metabolism remains largely unknown. Genetic assays using a rad27-D null mutant have shown increased levels of mitochondrial point mutations, and decreased mitochondrial recombination and microsatellite instability (Kalifa et al. 2009 ). Deletion of RAD27 leads to increased nuclear genome instability; therefore, we cannot rule out the possibility of indirect effects on mitochondrial mutagenesis in the rad27-D null strain. For future analysis, it would be useful to have RAD27 mutant strains that separate nuclear and mitochondrial phenotypes. To test known mutants for separation-of-function phenotypes, we used four RAD27 alleles, whose enzymatic and functional deficiencies in the nucleus have been previously characterized, and performed a comprehensive analysis of mtDNA mutagenesis. In addition, we studied the nuclear and mitochondrial phenotypes of two new RAD27 mutations. To determine if N-terminal sequences are important to direct the protein to mitochondria, two new mutations in RAD27 were constructed to disrupt potential mitochondrial localization signals. In human cells, an alternative translational initiation site (ATI) produces a truncated mitochondrial specific isoform of FEN1 (Kazak et al. 2013) . To examine if the ATI mechanism for generating an alternative isoform is conserved in yeast, we engineered a mutation in RAD27 at a position analogous to the ATI in hFEN (rad27-M66I allele). Many proteins targeted to mitochondria have an import signal in their N-terminus; therefore, to examine if perturbations in the N-terminus of Rad27p would disrupt mitochondrial localization, we also constructed a second mutant (rad27-ND20) by deleting first 20 aa in the protein following the start site.
To eliminate variability in protein levels that may result from expression of plasmid-borne genes, we introduced the RAD27 mutations at the endogenous locus, expressed from its native promoter. Mutations were introduced by sitedirected mutagenesis into the plasmid, pJA10, which has the LEU2 marker inserted 250 bp upstream of RAD27. A linear fragment containing both the selectable LEU2 gene and the RAD27 gene was excised and each of the RAD27 mutant alleles was introduced into a haploid rad27-D::kanMX strain by one step transplacement. A Leu + wild-type control was generated in the same way, to control for differences that are dependent on loss of the auxotrophic marker (RAD27 LEU2). Strains were confirmed by PCR amplification of the relevant region of the RAD27 gene from the yeast genome, followed by sequencing.
Although four of the mutant alleles have been previously studied, the strains have not been tested to ensure that the Figure 2 Rates of nuclear and mitochondrial point mutations in the RAD27 mutant strains. Mitochondrial, but not nuclear mutation rates are affected by changes to auxotrophic markers. As an additional control, we constructed a strain with the wild-type RAD27 allele and the adjacent LEU2 marker inserted by the same one-step transplacement method used for the RAD27 mutant alleles. This serves as the wild-type control for the RAD27 point mutant strains, while the strain labeled WT serves as the control for the rad27-D mutant. (A) Rates of spontaneous point mutation in mtDNA were estimated by measuring the rate of acquisition of erythromycin resistance, as described in Materials and Methods. The mean values from a minimum of three experiments of 15 independent cultures each are plotted for each strain. Error bars indicate the SD, and asterisks denote significant differences from the corresponding wild-type rate with P-values of ,0.05. (B) Rates of spontaneous nuclear point mutations estimated by forward mutation to canavanine resistance, as described in Materials and Methods. The mean values from a minimum of three experiments of 15 independent cultures each are plotted for each strain. Error bars indicate the SD and asterisks denote significant differences from the corresponding wild-type rate with P-values of ,0.05. stability of the resulting protein is not affected by the mutation. To perform a comprehensive analysis of the steady-state levels of the wild-type and mutant proteins in whole cell extracts and mitochondrial fractions, we HA-tagged all strains for detection via western blot analysis. As seen in Figure 1 , the RAD27 mutations affect protein levels. Western blot analysis of the whole cell protein lysates indicates that levels of Rad27p-ND20, Rad27p-G67S, and Rad27p-G240D decrease to 10-25% of the wild-type levels.
Western blot analysis also reveals variation in the subcellular localization of the mutant Rad27 proteins. We observe a 40-fold decrease Rad27p-ND20, threefold decrease in of Rad27p-M66I, and a 23-fold decrease in Rad27p-E158D protein relative to total protein in mitochondrial fractions. In contrast, we observe an increase in Rad27p-G67S and Rad27p-E176A in mitochondrial fractions. This is particularly striking, as these same two Rad27p mutant proteins decrease or remain relatively unchanged, respectively, in whole cell protein lysates. This trend indicates an enrichment of Rad27p-G67S and Rad27p-E176A within the mitochondria relative to the total Rad27 protein in the cell (Figure 1 ).
Phenotypic characterization of RAD27 alleles show varied effects on the rate of mitochondrial and nuclear mutagenesis
As part of our initial characterization of strains expressing the RAD27 alleles, we determined their growth at the restrictive temperature reported for the rad27-D strain, 37°. We found that the two new mutants used in this study (M66I and ND20), do not exhibit temperature sensitivity. Consistent with previous studies, the rad27-G67S, rad27-G240D, and rad27-E176A alleles also did not exhibit temperature sensitivity. The rad27-E158D strain shows a moderate growth defect at 37°but is not as sensitive as the rad27-D strain. To determine whether there were any observable differences at a higher temperature, we also incubated all of the strains at 39°. The wild-type can grow, albeit not very well, at this temperature. We found that only the rad27-ND20 strain grows as well as the wild-type control, although we observe modest, comparable growth of the rad27-M66I and rad27-E176A strains (Supplemental Material, Figure S3 in File S1).
Rad27p functions in the base excision repair (BER) pathway in the nucleus and some studies have suggested a similar role in mitochondria. Base substitutions in the mitochondrial genome can be estimated by determining the rate of acquisition of erythromycin resistance. Erythromycin inhibits mitochondrial protein synthesis, and specific mutations to the mitochondrial 21S rRNA gene confer resistance to the drug (Sor and Fukuhara 1984; Kalifa and Sia 2007) . Therefore, the rate of mitochondrial point mutation accumulation, which is impacted by the efficacy of BER, can be estimated by calculating the rate of erythromycin resistance. Deletion of RAD27 has been shown to result in an increased rate of erythromycin resistance, which may suggest a role for Rad27p in mitochondrial BER (Kalifa et al. 2009 ). To investigate the impact of the known mutations, and the effect of rad27-M66I, and rad27-ND20 mutations in this pathway, we measured the rate of erythromycin resistance in all of the RAD27 alleles used in this study. While the rad27-D strain displayed a 24-fold increase in the rate of mitochondrial point mutations relative to the corresponding wild type strain (P = 2 3 10 24 ), only one of the mutant strains, rad27-G67S, resulted in an increase in the rate of erythromycin resistance that was statistically significant. This strain displays an approximately twofold increase in the rate of mutation accumulation relative to the corresponding RAD27 LEU2 wild-type strain (P = 0.017) (Figure 2A) . Interestingly, the rad27-M66I strain displayed a ninefold decrease in mitochondrial point mutations, suggesting an increased efficiency in the repair of mitochondrial base lesions in this strain (P = 0.017).
Overall, there is no correlation between levels of these mutant proteins in the mitochondria and their ability to effectively carry out base excision repair. As can clearly be seen in Table S1 in File S1, and, in our previous work (Kalifa et al. 2009 ), mitochondrial point mutations increase substantially in the absence of Rad27p. Analysis of the RAD27 mutants reveals that a significant increase in mitochondrial point mutations was observed only in the rad27-G67S strain. However, the mitochondrial point mutation rate in rad27-G67S strain is significantly lower than that of the rad27-D strain. In this mutant, steady-state levels of Rad27p-G67S in the mitochondrial fraction are higher than the wild-type, suggesting that the point mutations in the mitochondrial genome are more likely the result of a dysfunction in Rad27p enzymatic activity, or structural defects, than depletion of protein. In the rad27-M66I strain, which exhibits a decrease in mitochondrial point mutations, there is actually a moderate decrease in Rad27p-M66I levels, indicating also that protein level does not correlate with efficiency, but rather may indicate a Rad27p mutant protein that alters function.
Rad27p plays an important role in multiple pathways of nuclear replication and repair. We considered the possibility that some of the mitochondrial phenotypes we observed are a Figure 3 Frequency of spontaneous petite formation in the RAD27 mutant strains. The median frequency of spontaneous respiration loss was determined from at least three independent experiments. Average median frequencies are presented, and error bars indicate the SD. Mutant frequencies are compared to wild-type using unpaired two-tailed t-tests, and none of the comparisons resulted in P-values ,0.05. secondary effect of increased nuclear genome instability, or that some of the nuclear phenotypes attributed to changes in enzymatic activities may result from changes to protein levels. To assess the level of nuclear genome mutation accumulation in the RAD27 alleles used in this study, we determined the rate of forward mutation to canavanine resistance, a toxic analog of arginine. Mutations that inactivate the arginine permease, encoded by the nuclear CAN1 gene, confer resistance to the drug canavanine. The rad27-D strain displayed a 102-fold increase in the rate of canavanine resistance relative to the otherwise isogenic wild-type strain (P = 0.002), consistent with previous studies (Tishkoff et al. 1997; Xie et al. 2001; Kalifa et al. 2009) (Figure 2B ). The strains expressing the rad27-G67S, rad27-G240D, and the rad27-ND20 alleles also show a significant, albeit less pronounced increase in Can R with 31.5-fold, 32-fold and 35-fold increases relative to the wild type strain, respectively (P = 0.002, 4 3 10 25 , and 4 3 10 24 ). However, the rad27-E158D, rad27-E176A, and the rad27-M66I strains did not show any significant difference in Can R compared to the wild type strain. All strains that show an increase in nuclear point mutations also display decreased steady-state RAD27 protein levels in whole cell extracts. The level of mutant Rad27p is decreased in the rad27-E158D, rad27-E176A, and the rad27-M66I strains by 10-25% when compared to the wild type, while the strains that exhibit no change in nuclear point mutations retain at least 60% of the wild-type protein levels (Table S1 in File S1). This may suggest that nuclear point mutations are due to a decrease in overall protein expression, rather than, or in addition to, a deficiency in enzymatic activity.
Mutations to the RAD27 gene do not result in increased cytoplasmic petites
It has long been observed that cells that have lost the ability to utilize nonfermentable carbon sources arise spontaneously when yeast are grown on a fermentable carbon source such as dextrose. These cells typically form smaller colonies than their wild-type counterparts, and are called petite mutants.
Spontaneous petites arise at a frequency that varies between yeast strains in rich medium, under standard laboratory growth conditions. In our wild-type strain, we see an average frequency of 3%, so these events are quite common. The vast majority of spontaneous petite strains contain large-scale mtDNA deletions, which may arise as a result of replication errors and are called r 2 cytoplasmic petites. Cells that have lost all mtDNA are called r 0 (Dujon 1981) . Point mutations that eliminate respiratory function (mit 2 ) occur at a frequency many orders of magnitude below the more extensive changes seen in the r 2 strains.
Previous studies have shown that deletion of RAD27 does not affect the frequency of cytoplasmic petites scored by rate of respiration loss, suggesting that this protein is dispensable for maintaining a stable mitochondrial genome (Kalifa et al. 2009) . However, some studies have suggested a role for Figure 4 Rate of spontaneous direct repeat-mediated deletions in the nuclear and mitochondrial genomes in the indicated strains. (A) Average rates of mitochondrial DRMD. For statistical analyses, the data for the rad27-D strain, which lacks the LEU2 marker is compared to the data for the strain labeled WT, which also lacks the LEU2 marker. All other RAD27 mutants are compared to the RAD27 LEU2 strain. (B) Average rates of nuclear DRMD. Error bars indicate SD. Asterisks indicate significant differences between rates in the mutant strain relative to its corresponding wild-type strain (P , 0.05).
Rad27p in mtDNA replication, which, in turn, may affect the integrity of mtDNA (Kazak et al. 2013) . Therefore, we performed a respiration loss assay for the RAD27 mutant strains used in this study to determine if there were any observable defects in mtDNA maintenance. We found that all of the RAD27 mutant strains show respiration loss frequencies comparable to the wild-type control, indicating that Rad27p is not required for maintaining mtDNA stability in an otherwise wild-type background (Figure 3 ).
Wild-type Rad27p is important for the generation of mtDNA deletions at direct repeats
It is known that most deletions in mitochondria are flanked by directly repeated sequences (Samuels et al. 2004; Bua et al. 2006; Reeve et al. 2008) , suggesting that these repeats are instrumental in the mechanism of deletion. Our previous studies have demonstrated a role for Rad27p in the generation of spontaneous mitochondrial deletions at a site flanked by 96 bp direct repeats of COX2 flanking a synthetic ARG8 m gene (Kalifa et al. 2009 ). Deletions at the ARG8 m locus in strains containing this reporter restore a fully functional COX2 gene. Those cells become respiration-competent, but are arginine auxotrophs due to the deletion of ARG8 m gene and one of the repeats.
Deletion of RAD27 leads to a substantial decrease (1596-fold compared to the corresponding wild type strain) in spontaneous mitochondrial DRMD events (P = 3 3 10 28 ). While most of the RAD27 mutant strains exhibited 3-fold to 5.5-fold decreases in the spontaneous mitochondrial deletion events, the rad27-M66I allele displayed a 74-fold increase in mitochondrial DRMD compared to the RAD27 LEU2 wild-type strain ( Figure 4A ).
To determine whether the effect of Rad27p-M66I on direct repeats was specific to mitochondrial sequences, we introduced a nuclear DRMD reporter into the strain with the mitochondrial reporter. This reporter has 96 bp repeats flanking the URA3 gene inserted at the TRP1 locus. Deletions result in strains that are Trp + and Ura 2 . Consistent with previous observations, deletion of RAD27 results in an increase in nuclear deletions relative to the corresponding wild-type strain (Kalifa et al. 2009 ). The rad27-M66I mutation did not affect the rate of spontaneous nuclear deletions, relative to the wild-type strain, while the adjacent rad27-G67S mutation resulted in a significant increase (P = 0.001) ( Figure 4B) . Therefore, the effect of the rad27-M66I substitution on repeated sequences is restricted to mtDNA.
The rad27-M66I strain displayed both decreased mitochondrial point mutations and increased mitochondrial DRMD, both enhancements of the wild-type phenotype, but no change to nuclear point mutations or spontaneous nuclear DRMD. Therefore, we used chromatin immunoprecipitation to determine whether this mutant form of the protein shows altered interaction with either nuclear or mtDNA. We could detect binding of Rad27p and Rad27p-M66I to the nuclear 25S rRNA gene and to the mitochondrial 21S rRNA gene, which contain naturally occurring hotspots for mitotic recombination (Voelkel-Melman et al. 1987; Fritsch et al. 2014) ; however, we observed no significant difference in association of Rad27p and Rad27p-M66I with nuclear or mtDNA ( Figure  S4 in File S1).
Rad27p functions in DSB repair in mitochondria
It has been proposed that the DRMD events in mitochondria arise as a result of erroneous DNA repair mechanisms . We have previously shown that the DNA DSB repair proteins play an essential role in the generation of mitochondrial DRMD products, suggesting that errors in DSB repair contribute to mitochondrial deletions (Stein et al. 2015) .
To examine if Rad27p is involved in mitochondrial deletion generation by virtue of its participation in a DSB repair process, we used a system to induce a specific DSB at a unique KpnI site in a synthetic ARG8 m gene (described in Stein et al. 2015) , and studied the repair efficiencies in the rad27-D strain. The rad27-D strain containing the mitochondrial ARG8 m reporter was transformed with a plasmid containing an inducible galactose promoter regulating the expression of KpnI enzyme, fused to a mitochondrial localization signal. A temperature sensitive intein sequence inserted into the active site of KpnI ensured a tight control over the activity of the endonuclease. Prior to induction of the DSB, the cells are arginine prototrophs and respiration deficient. Upon the addition of galactose at 20°and induction of DSB by mtLS-KpnI-intein ts , breaks are generated, which, when repaired to generate deletions, result in the loss of ARG8 m gene and produce a functional COX2. By plating appropriate dilution of cells before and after DSB induction on glycerol-containing medium (allows growth of only respiring cells), and simultaneously on medium without added arginine (allows growth of only arginine prototrophs), we scored for the percentage of cells that had undergone deletion events in response to the induced DSB. Figure 5 Frequency of DSB-induced mitochondrial deletions at direct repeats. Mitochondrial DSBs were induced as described in the Materials and Methods. The average frequency of deletions induced by expression of mtLS-KpnI::intein ts is presented for each of the RAD27 point mutant strains. Error bars indicate SD. All of the mutant strains display significant differences in the frequency of deletions in the mutant strain relative to the wild-type strain. For all comparisons, P , 0.05.
In the wild-type strain (RAD27 LEU2), 53% of cells can respire after DSB induction. In the rad27-D strain, only 0.3% cells become respiring, suggesting that, in the absence of Rad27p, the deletion generating DSB repair mechanism is impaired ( Figure 5 ). We then performed Southern blot assays to observe the appearance of break and recombinant products, using a probe that anneals to COX2 ( Figure 6A ). In the RAD27 LEU2 strain, an average of 44% of the COX2 signal appears as a specific KpnI-digested DSB fragment after incubation at 20°, and very low levels of deletion products are observed. The cells were shifted to 30°at this point, to allow repair of breaks. The cut products disappear during incubation at 30°while the deletion products simultaneously appear and accumulate to represent an average of 21% of the COX2 hybridization signal ( Figure 6B ). This is consistent with the analysis of our original wild-type strain (Stein et al. 2015) . In these experiments, the amount of deletion product did not increase significantly between 4 and 8 hr after shifting the cells to 30°, suggesting that the majority of deletion products were generated by 4 hr after the shift. No detectable breaks or deletion products are formed prior to induction of mtLS-KpnI-intein ts , or in control cultures expressing mtLSKpnI-intein dead . In addition, the ratio of mitochondrial 21S rRNA to nuclear 25S rRNA genes did not alter significantly in response to DSB induction, indicating that there is no general loss of mtDNA after DNA damage.
In two independently derived rad27-D strains, no detectable breaks were visible at time 0, and, in rare instances, recombinant molecules were produced by 8 hr, which constituted 1% of the total COX2 hybridization signal (Figure 7 , A and B). DSBs in our reporter can be repaired by mechanisms other than homologous recombination (HR); therefore, it is possible that, in the absence of Rad27p, alternative and competing repair processes rapidly repair some of the breaks that cannot be detected or distinguished from an intact reporter.
Nuclease activities of Rad27p are required for its activity in mitochondrial DSB repair
To further elucidate the role of Rad27p in the DSB repair pathway in mitochondria, we performed genetic and molecular assays for DSB repair in the RAD27 mutant strains, as described above. Interestingly, all of the RAD27 mutants used in this study lead to a significant decrease in DSB-induced DRMD events in mitochondria, and, curiously, the rad27-G240D strain produces no detectible deletions after DSB induction ( Figure 5) .
We examined the DNA repair intermediates generated during DSB repair in the RAD27 mutants by Southern analysis (Figure 8) . All of the RAD27 mutant strains displayed decreased levels of break and deletion products, relative to the wild-type strain. We examined the level of expression of the galactose-inducible mtLS-KpnI::intein ts in the wild-type and mutant strains, and find that that differences in visible break product do not result from a reduction in steady state levels of the endonuclease after induction ( Figure S6 in File S1). In the rad27-G67S, rad27-E158D, rad27-M66I, and rad27-ND20 strains, some break products were observed at 0 hr (12, 5.6, 6.5 , and 15% of COX2 signal, respectively), but they were very inefficiently converted into observable deletion products (1.8, 0.4, 1.9, and 3.9%, respectively) (Figure 8) .
Comparison of the genetic (Figure 5 ), and molecular (Figure 8 ) data reveals a correlation between recombinant product observed in the Southern blot analysis, and the frequency of induced DRMD scored by our plating assay.
Discussion
The multifunctional nuclease, Rad27p, is known to play an important role in several pathways involving DNA transactions. Many studies have examined the details of the regulation, enzymatic activities, and protein partners of Rad27p in the nucleus. Rad27p was more recently shown to localize to mitochondria as well, but the function of this protein in mitochondria remained elusive. . Genomic DNA in the lane labeled "Pre" is from uninduced cultures. Cultures were incubated for 16-18 hr at 20°, and samples were collected for the 0 hr timepoint. The cultures then were shifted to 30°to allow the breaks to repair, and additional samples were taken every 2 hr. Lane "0 + KpnI" contains DNA from the 0 hr timepoint digested in vitro with KpnI and AvaII to demonstrate the migration of DNA with a DSB. The 21S rRNA gene was probed to detect total mtDNA. The 25S rRNA gene was probed to detect total nuclear DNA. (B) The intensity of the COX2-hybridizing bands was measured using Image Lab software (www.biorad.com). The proportions of the total COX2 signal present in the intact reporter, DSB, and deletion products were calculated as a percent of the total COX2 signal. Average values are shown for three independent experiments. Error bars indicate the SD.
One of the most important, and most extensively studied functions of Rad27p, and its mammalian ortholog, FEN1, in the nucleus, is the processing of Okazaki fragments during replication. The temperature-sensitivity of the rad27-D strain has been proposed to result from its deficiency in Okazaki fragment processing (Reagan et al. 1995) . As a result, some studies have tested models in which FEN1 acts in mtDNA replication, sometimes with contradictory results. Ruhanen et al. (2011) found no evidence that a knockdown of mammalian FEN1 impacted mtDNA replication, while a more recent study proposes a role for an N-terminally truncated isoform of the protein in promoting mtDNA replication initiation (Kazak et al. 2013) . In our experiments, loss of Rad27p does not result in a significant increase in spontaneous respiration loss, suggesting that this protein is not required for replication of the intact mitochondrial genome.
In addition, Rad27p/FEN1 has been demonstrated to play an important role in LP-BER. The Rad27p-E158D protein shows the most significant defects in FEN and EXO activities, and displays temperature-sensitivity comparable to the null mutant, consistent with a role in Okazaki fragment processing. However, this mutation did not result in an increase in nuclear point mutations, as measured by the rate of Can R , indicating that these phenotypes are separable. The analogous FEN1-E160D mutation has been shown to be defective in LP-BER as well (Xu et al. 2011) , suggesting that this mutant protein may retain function in another DNA repair pathway required for the prevention of canavanine resistant mutants.
Although specific base-substitution alleles of RAD27 have been previously examined, these studies have focused primarily on the enzymatic activities of the protein, and selected nuclear phenotypes. Comprehensive analyses of all of the phenotypes resulting from these mutations using standardized assays have not been presented. Notably, comparisons of the steady-state levels of the mutant forms of the protein in whole cell extracts have not been examined when these derivatives are expressed from the native chromosomal location. We observe considerable variation in the protein abundance that likely reflects differences in stability of the mutant forms of the protein. In addition, some of the mutants display altered subcellular distribution, as the Rad27p-G67S and Rad27p-G240D proteins show an increase in the fraction of total cellular Rad27p that is associated with mitochondrial fractions. These differences between the mutant Rad27 proteins are likely to impact the nuclear and mitochondrial phenotypes in addition to specific changes to enzymatic activities.
We measured nuclear and mitochondrial phenotypes in the same haploid strain background, and, for the most part, our nuclear phenotypes recapitulate those reported in other studies; however, there are a couple of exceptions worth noting. First, in contrast to a previous study, we did not observe a nuclear mutator phenotype in the rad27-E158D mutant, scored by canavanine resistance . In addition, we observed increased nuclear mutation rates for the rad27-G67S and rad27-G240D strains relative to the wildtype rate, although the rates are not as high as the rad27-D strain, and we do not observe any significant difference between the rad27-G67S and rad27-G240D strains (Xie et al. 2001) . The cause for these discrepancies is unclear; however, our wild-type strain background differs from those used in previous reports, and may account for what we consider to be relatively minor differences from previous studies.
In this report, in addition to previously defined mutations, we analyzed two new mutations in Rad27p in an attempt to identify the mitochondrial localization signal for this protein.
Commonly used software for subcellular localization prediction search for the canonical N-terminal presequence present in many mitochondrially targeted proteins. MitoProt, PSORT, TPred, and TargetP programs (Claros 1995; Nakai and Horton 1999; Emmanuelsson et al. 2000; Indio et al. 2013) failed to predict a mitochondrial targeting signal for Rad27p. In mammalian cells, a shorter isoform of FEN1, which is the predominant form found in the mitochondria, is produced by Figure 7 Analysis of repair of induced mitochondrial DSBs in the rad27-D strain. (A) A representative Southern blot of AvaII-digested DNA extracted from the rad27-D strain containing the mitochondrial DRMD reporter and pEAS114 (mtLS-KpnI-intein ts ). The strain was grown and samples were prepared as described for the wild-type strain in Figure 6 . Lane "Pre" is genomic DNA from uninduced cultures. Lane "0 + KpnI" contains DNA from the 0 hr timepoint digested in vitro with KpnI and AvaII to demonstrate the migration of DNA with a DSB. The 21S rRNA gene was probed to detect total mtDNA. The 25S rRNA gene was probed to detect total nuclear DNA. (B) The intensity of the COX2-hybridizing bands was measured using Image Lab software (www.biorad.com). The proportions of the total COX2 signal present in the intact reporter, DSB, and deletion products were calculated as a percent of the total COX2 signal. Average values are shown for three independent experiments, and error bars indicate the SD.
an alternative translational start site. Our Western blots do not reveal Rad27p isoforms of differing molecular weight in yeast mitochondria, though the alternative start site is conserved. Therefore, we tested experimentally whether this methionine codon was used for the synthesis of a predominantly mitochondrial isoform of Rad27p in yeast. In addition, we generated a truncation of the N-terminus of the protein to determine whether mitochondrial-targeting signals reside there. While neither eliminates the mitochondrial localization of this protein, both result in significant changes in mutation accumulation. The rad27-ND20 allele results in increased rates of nuclear point mutations as revealed by the canavanine-resistance assay, while we see no effect of this truncation on mitochondrial mutations. In addition, the rad27-M66I mutation results in decreased rates of mitochondrial point mutation, relative to the wild-type strain, as well as increased deletions. These phenotypes are in direct contrast to those conferred by the null mutation, indicating that the mutant phenotypes of the rad27-M66I strain do not result simply from a failure of the protein to perform its mitochondrial functions, but rather from an exacerbation of its activity.
Further, we show that RAD27 nuclease-deficient mutants have varying effects on .1 repair pathway in mitochondria. The repair deficiencies range from extreme to minimal, which may be due to the functional deficiencies of mutant proteins or their impaired interaction with other proteins. In these studies, nuclear and mitochondrial mutation rates do not correlate, suggesting that the mitochondrial phenotypes we observe are not likely to result from an indirect effect of nuclear genome instability on mtDNA maintenance (Table 3) .
As expected, the rad27-D strain displayed the highest rates of both mitochondrial and nuclear point mutations, leading to the original hypothesis that these mutations may result from a failure to perform LP-BER in both compartments (Kalifa et al. 2009 ). However, the phenotypes of the RAD27 Figure 8 Analysis of repair of induced mitochondrial DSBs in the RAD27 mutant strains. Southern blots were performed as described for the wild-type and rad27-D strains shown in Figure 6 and Figure 7 . The intensity of the COX2-hybridizing bands were measured using Image Lab software (www.biorad. com). The proportions of the total COX2 signal present in the intact reporter, DSB, and deletion products were calculated as a percent of the total COX2 signal. Average values are shown for a minimum of three independent experiments, and error bars indicate the SD.
mutants we have studied here will require some revision of this model, since the N-terminal deletion gives increased nuclear but not mitochondrial point mutation rates. Therefore, the pathways in which the protein participates that reduce point mutations must differ between these two subcellular compartments, utilizing separate regions of Rad27p to interact with other proteins or the DNA itself to influence these changes. FEN1/Rad27p has been shown to interact with the nuclear-specific replication factor PCNA, which stimulates its enzymatic activity in the nucleus (Li et al. 1995; Gary et al. 1999) ; however, its protein partners must differ in the mitochondria. This may, in part, account for the modulation of the phenotypes of the partial-function RAD27 mutant alleles we observe here. Identifying the proteins that interact with Rad27p in the mitochondria will be an important next step in these studies.
We investigated the generation of deletions in mtDNA using a system to induce a specific DSB, and we found that Rad27p functions in a pathway that leads to mitochondrial DRMD. This assay appears to be the most sensitive indicator of Rad27p activity in the mitochondria. The rad27-D strain, and all the RAD27 alleles used in this study exhibit a significant reduction in mitochondrial DRMD in response to DSB induction, suggesting a critical role for this protein in this DSB repair mechanism. Overall, from our observations, it is evident that Rad27p participates in multiple pathways in mitochondria, and it is likely that more than one of its enzymatic activities is required to exert these functions. Most strikingly, we found that Rad27p plays a major role in a DSB repair pathway in mitochondria, which contributes to generation of deletions, as all of the RAD27 mutants affected the repair of a directed DSB in mitochondria to some extent. Several studies have implicated Rad27p in DSB repair by nonhomologous end joining (NHEJ) in the nucleus (Wu et al. 1999; Yang et al. 2015) and it also stimulates HR at lesions produced during replication (Kikuchi et al. 2005) . In addition, depletion of FEN1 in mitochondrial extracts prepared from mammalian cells reduced microhomology mediated end joining (MMEJ) in vitro (Tadi et al. 2016) . Therefore, it is not surprising that Rad27p may be involved in DSB repair mechanisms in yeast mitochondria as well.
The question remains as to why we do not see cleavage products resulting from induction of the mitochondrially targeted KpnI endonuclease. While it is possible that the mtDNA is not accessible to digestion in the same way as the wild-type strain, we favor an alternative model in which the DSBs generated by the KpnI enzyme are processed differently in the absence of Rad27p, for several reasons. First, other studies have indicated a role for Rad27p in the processing of DSB repair intermediates (Negritto et al. 2001) . Second, although DSBs are observed in the N-terminal mutants, rad27-ND20, rad27-M66I, rad27-G67S, and rad27-E158D, albeit at a level lower than in the wild-type strain, they are not converted into deletions at the same frequency. This suggests inefficient or alternative repair of the DSBs in these strains, and places Rad27p in the pathway that generates deletions between repeats. Our working model suggests that, in the absence of Rad27p binding to the break, these DSBs are either efficiently ligated to restore the original sequence, or that the genomes with the breaks are rapidly removed by degradation-a mechanism that has been proposed for human mtDNA that experiences oxidative stress (Shokolenko et al. 2009 ). We currently favor a model in which there is competition for binding to the break, and ligation acts efficiently in the absence of proteins that process the break, because we do not detect significant loss of mtDNA after KpnI digestion.
The rad27-M66I and rad27-E176A mutants, which display no nuclear phenotypes in our experiments, will prove useful in additional studies. These alleles may allow us to generate Table 3 Summary of rad27 mutant phenotypes ND indicates that this biochemical activity was not determined. "+" indicates 90-100% of wild-type activity was observed. "+/2" indicates that 5-89% of wild-type activity was observed. "2" indicates ,5%.
double mutants with deletions of essential components of other DSB repair pathways, such as RAD52, required for HR, and YKU70, required for NHEJ. The rad27-G67S allele, which displays more significant nuclear defects is synthetically lethal with a RAD52 deletion (Xie et al. 2001) , and would not be useful for these studies.
